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Dich'ostelium discoiderun live as single amoeba in the soil. Vegetative cells are
chemotactically attracted by bacteria, which they f'eed upon. If the food source is
depleted, cells start to secrete cAMP which serves as a chemoattractant. Thus,
chernotaxis plays a vital role in the lif 'e of this remarkable organism. Since this
mostly haploid organism is easily cultured, it is not surprising that Dictt,ostelium
is widely used as a urodel organism to study chemotaxis. Older experiments on
chemotaxis mutants that were obtained by chemical mutation suggested that
cGMP pliiys an important role in chemotaxis (chapter l). The enzymes that
produce cGMP have recently been cloned in our laboratory. The aim of this
research was to identify and characterise the cGMP binding protein(s) in
Dic6'osteliunt.
The completion of the Dicrlostelium genome sequencing project has allowed us to
thorotrghly search for potential cGMP bincling proteins in silico. Foul putative
cGMP binding proteins were identified that each possess two cyclic nucleotide
binding domains (chapter 2). These proteins are unique for Dicn'ostelium and
were named GbpA through D. GbpA and B are homologous and both contain a
zinc hydrolase domain that is distantly related to the class ll phoshophodiesterase
catalytic clomain. GbpD and the C-terminal half of GbpC are also homologous
and contain RasGEF and GRAM domains. Tl-re latter domain adapts the same fold
as PH dornains and a number of GRAM domains have been shown to bind to the
membrane. The N-terminal half of GbpC contains leucine rich repeats. small
GTPase and kinase domains. The small GTPase domain belongs to a novel
subfarnily that was termed Roc (chapter -5) and is succeeded by a novel domain
termed COR. This combination of domains (leucine rich repeat-Roc-C0R-
Kinase) was also discovered in a number of other proteins, both in Dictt'ostelium
and in other organisms.
In order to investigate the function of the Gbps, targeted disn"rption mutants for
each of the fbur genes were created (chapter 3). Furthermore, we have also created
gbpA /gbpB irnd gbpC /gbpD double mutants. The gbpA /gbpB cells produced
unusual high concentrations of cGMP which is even more pronounced after
cAMP stimulation. This result lead to the hypothesis that GbpA and GbpB might
be phosphodiesterases. Measurement of the phosphodiesterase activity in the
single and double knock outs confirmed this assumplion. This was very
unexpected, since the hydrolase domains are only distantly related to the class II
phosphodiesterase catalytic domain and are in fact muclr more similar to the beta
lactamases that are also found Dich'osteLiunz. Furthermore. all other cvclic
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nucleotide regulated phosphodiesterases always possess the structurally and
sequentially unrelated GAF domains as allosteric binding sites. Investigation of
gbpC /gbpD cell lysates revealed that all high affinity cGMP binding is lost in
this cell line. The same was found in gbpC lysates, indicating that GbpC is the
protein that binds cGMP with high affinity. We subjected the mutants to a detailed
chemotaxis analysis. This revealed that gbpA /gbpB -cells chemotax significantly
more fficient due to a reduced tendency to make lateral pseudopodia. In contrast,
gbpC /gbpD cells displayed severely reduced chemotaxis and a slower cell speed
when placed in a spatial gradient of cAMP. We later discovered that gbpC cells
display the same defect (chapter 6). A similarly inhibited chemotaxis was
observed in a mutant that can not produce cGMP anymore due to the disruption of
two guanylyl cyclases. These findings indicate that cGMP and GbpC are
necessary for efficient chemotaxis and cell polarization. Furthermore, polarity
might be acquired through the suppression of lateral pseudopodia as revealed by
the chemotaxis data of the gbpA /gbpB' mutant. In accordance with this, cAMP-
induced recruitment of myosin II to the cortex was altered in the knock-out cells.
In particular, cAMP-induced myosin translocation was completely lost in SbpC
/gbpD , SbpC and guanylyl cyclase double knock out cells. This defect was
accomplished by a dramatic drop in cAMP-induced myosin light chain
phosphorylation. Quite the opposite was found in gbpA /gbpB cells; both myosin
translocation and phosphorylation was increased and prolongued in this mutant.
These findings imply that a cGMP-signal transduction pathway excists that acts
on GbpC and leads to cell polarity through the suppression oflateral pseudopodia.
This suppression of lateral pseudopodia is presumably mediated through
recruitment of myosin II to the cortex and activation of myosin ATPase activity
through the phosphorylation of the regulatory light chain.
We characterized the enzymatic properties of GbpA and B in some more detail
(chapter 4). The GbpA protein was studied by partial purification of the enzyme
from wild type cells and by comparison of the phosphodiesterase activities of
gbpA /gbpB and gbpB cells. GbpA was found to degrade cGMP at least 300
fold better than cAMP. The enzyme is specifically activated by cGMP (KA 0.16
pM for cGMP and >300 pM for cAMP) and has a Ky value of 5.2-20 mM for
cGMP, whereas the Vro* was determined at 390 pmol cGMP/min/mg. The
biochemical properties of GbpB were determined by overexpressing the GbpB
protein in gbpA'/gbpB cells. The results indicate that this enzyme can degrade
cAMP about 9 times better than cGMP. This is due to the lower Krr,r for cAMP
(200 trM compared to 800 trrM for cGMP) and the higher V'o* for cAMP (5200
pmol/min/mg compared to 2400 for cGMP). It was also found that both cAMP
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and cGMP can stimulated the activity of GbpB with activation constants of 0.7
and 2.3 trrM respectively. These findings implicate that the main function of GbpB
is degradation of intracellular cAMP, although at peak concentrations it accounts
for about 8c/o of the total cGMP-phosphodiesterzrse activity. In contrast to this,
GbpA is the major cGMP-degrading enzyme and is responsible fbr 90% of the
total degrading capacity in tlie cell during peak concentration cGMP.
To study the function of GbpD, we examined muttrnts in which the gbpD gene
was lost (chapter 6). It was discovered that gbpD cells are hyperpolar when
placed in a spatial gradient of cAMP and chemotax faster and more efficient. This
plrenotype is quite opposite to that of gbpC cells that are slower and fail to
become polar during chemotaxis. To rescue the gbpD cells, GbpD was
overexpressed in this mutant. To our surprise, this resulted in a strong phenotype:
gbpD /GbpDoE were flattened ancl produced many filopodia and pseuclopodia
that were rich in F-actin. Furthermore, the cells attached stronger to the
substratum than wild type cells, which was most likely caused by an increased
number of surf-ace-attached protrusions. Mutants cells were unable to polarize,
which caused an almost contplete loss of the ability to chemotaxis towards cAMP.
The GbpDots plienotype was not dependent on the presence of cGMP or cAMP, In
accordance with this, no increase in cAMP- or cGMP binding could be observed
in lysates of GbpD overexpressing cells. It therefore is unlikely that GbpD
function is dependent on cyclic nucleotides. We conclude that whereas GbpC is
necessary fbr cell polarization and etficient chemotaxis, GbpD suppresses polarity
by inducing the fbrmation of random pseudopodia.
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The function of cGMP in chemotaxis revealed by GbpA and GbpB
In the past, the role of cGMP in chemotaxis has mainly been investigated by
making use of chemical mutants. In particular. the chemotaxis deficient KI
mutants and the "streamerF" mutants have been used for this purpose (Kuwayama
ancl Van Haastert ,  1996; Kuwayama et al . ,  199-5:Ross and Newel l ,  l98l ;Van
Haastert et al., 1982b). The streamerF mutants contain dramatically diminished
cGMP-phosphodiesterase activity. These mutants were called "streamers" because
they produce unusually large aggregation streams wlien plated on bacteria. lt has
been suggested that this defect is caused by a prolongued polarization due tothe
high cGMP concentratic'lns. However, it was later shown that StreamerF mutants
behave normally when placed in a wild type aggregation temitory, indicating that





secondary mutation (Chandrasekhar er al., 1995\. The disruption of the gbTrA gene
has confirmed this finding, since these cells do not display streaming. More
insight in the role of cGMP in chemotaxis has come fl'oni the gbpA /gbpB double
knock out. In this cell l ine basal cGMP levels exceed peak levels of wild type
cells. Thus. the cGMP pathway is continually hyperactivated in this mutant. It was
found that these cells are hyperpolar and exhibit increased chemotaxis efficiency.
Interestingly, a similar phenotype was clbserved in cells that overexpress soluble
guanylyl cyclase and consequently have a higher cGMP concentrations (D.M.
Veltman, unpublished results). These findin,es point to a role of cGMP in cell
polarization by suppression of lateral pseudopodia.
0n the mechanism of GbpC functioning
Disruption of the gbpC gene caused a severe drop in chemotaxis and cell polarity.
This was accompanied by a dirninished myosin regulatory light chain (RLC)
phosphorylation and tlie loss of cAMP induced niyosin II translocation. In rnoving
cells, myosin II is found at the cortex of the posterior half of the cell and in
retracting pseudopodia. Periodically, myosin contracts to il spot that slrccesively
dissociates. This so-called 'C-to-spot" ptocess is accompanied by a retraction of
the uropod or pseudopod and requires motor activity (Clow and McNally, 1999).
Since the phosphorylation of RLC is known to increase the myosin motor activity
about 6-fold (Griffith et al., 1987), it is likely that RLC becomes transiently
phosphorylated uring this process. Furthermore, it was shown in chapter 3 that
inactivation of the gbpC gene diminished cAMP induced RLC phosphorylation
greatly. Thus, one of the functions of GbpC seems to be the activation of
pseudopod/uropod retraction by control of RLC phosphorylation. Since the kinase
upstream of RLC, myosin light chain kinase (MLCK), is activated by cGMP in
cel l  lysates (Si lveira, 1998).  i t  is possible that GbpC i tsel f  phosphorylates this
enzyme through its kinase domain. This possibility is further supported by the
finding that cAMP induced MLCK phosphorylation is severely diminished in
gbpC cells (L.Bosgraaf and J.Smith, unpublished result). Mutants in which the
kinase domain of GbpC is inactivated could reveal whether this domain is indeed
responsible fbr MLCK phosphorylation.
Although the motor activity of myosin Il plays an important role in chemotaxis
and cell movement, it is not its only function. In cell l ines that lack the myosin
essential ight chain (ELC). rnyosin motor activity is not detectable any more
(Laevsky and Knecht, 2003). However, these mutants chemotax much more
efficiently than myosin heavy chain (MHC) knock-out cells. Other experiments
have shown that the cortical tension is retained in elc- cells, although it depends
on the presence of MHC (Laevsky and Knecht. 2003). lt is thought that the
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myosin network in the posterial and lateral regions of the cell accounts for this
cortical tension and also prevents the formation of pseudopodia' Thus, myosin II
localization pfevents the fbrmation of lateral pseudopodia independent of its
rnotor activity. Interestilgly. cAMP-incluced myosin translocation is lost in gbpC
cefls, although myosin retuins its posterior localization in nioving gbpC cells'
This indicates thitt GbpC specifically regulates myosin localization upon
stimulation with a chernoattractant, confirming its role in signal transduction
rather than in basal cell motility.
At present it is unknown how GbpC mediates myositr translocation' Most likely
this is not mediarecl through the phosphorylation of MHC, since the level of MHC
phosphorylarion is not ellvated'in iUpC cells. Other possibilties are that GbpC
iriu", F-actin-myosin binding or alters the state of F-actin in the cortex. The latter
option is particuiarly interesting silce myosin itself is found only in the posterior
half of the cell. although F-actin is also found in the anterior regions' Since both
myosin and actin ur. ior. abundant than any other protein in Dictyostelium, it is
untit.ty that other proteins directly mediate the interaction between F-actin and
myosin. lt could thirefore well be that the particular state of F-actin determines
whether myosin can bind to it or not'
Possible interaction of GbpC with sGC
The non-cliemotactic kI trutontt were obtained by screening for mutants that are
unable to aggregate and chemotax towards both cAMP and folic acid' Since it is
now known that Dictyostelium can still aggregate without the presence of cGMP'
it is inevitable to conclude that the KI mutants must contain multiple mutations
that have cumulattve effbcts. Nonetheless, stil l valuable infonnation can be
substracted fiom these mutants. In particular. some KI mutants appear to have
altered cGMp-binding properties thai is accompanied by altered guanylyl cyclase
acrivarion. The geneJ- encoding the high atfinity cGMP-binding protein (GbpC)
and the rnain guanylyl cyclase ictivity (sGC) are known. It would be interesting to
overexpress cnpc wittr the mutations that are presumably present in the gbpc
g"n" oi the Kl mutants and test the guanylyl cyclase activation properties' This
could provide more insight in the possible interaction of Gbpc with sGC'
Interestingly, it appears that sGC exerts its function not only by the production o{
cGMP: a mutation in the catalytic domain causes the complete loss of cGMP
production. However, when this nrutated gene was overexpressed in a 'igc knock
out cell l ine, a partial tescue of the chemotaxis phenotype was observed (D'M'
Veltman et al., unpublished resr.rlt). This could mean that sGC functions by
interacting with other proteins, one of which might be GbpC'
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Additional evidence for interaction of sGC with GbpC came fiom a pre'liminary
experiment in which GbpC was fused to GF'P. When this protein was
overexpressedin gbpC cells, the protein was localized in the cytosol, which was
not visibly altered by stimulation with cAMP. However, when sGC was also
overexpressed in this cell l ine, GbpC-GFP clearly tlanslocated to the membrane
upon cAMP stimulation (L.Bosgraaf et al., unpublished result). Possibly this is
caused by the larger amount of sGC molecules that is present in these cells, which
would indicate that GbpC binds to sGC. However, it could also be caused by the
higher cGMP concentration that is reached after cAMP stimulation. It should be
possible to discrinrinate between these two options by perfbrming experiments
with mutations in the catalytic domain of sGC.
0n the function of GbpD
Disruption of the gbpD gene caused a marked hyperpolarization of the cells which
was caused by a reduced tendency to produce lateral pseudopodia. Furthermore,
the pronounced phenotype of GbpDoE cells was complementary to this: cells were
spread and flattened and marde many actin-containing pseudopodia and filopodia.
Since the only known effector domain of GbpD is its RasGEF dornain, it should
be possible to find its target by overexpressing GbpD in various knock-out cell
l ines that are available. Preliminary experiments in this direction have revealed
that the GbpD overexpression phenotype is not dependent on the presence of
rasD, rasC or rasG (L.Bosgraaf and P.J.M. Van Haastert, unpublished result).
Since Rapl overexpressing cells have a similar phenotype as GbpDOE cells, this
small G-protein is a possible target of GbpD. Moreover, cells expressing
dominant negative Rapl are similarly hyperpolar as gbpD cells. Unfortunately,
disruption of the rap gene is lethal. and rap anti-sense expressing cells rapidly
loose viability. Experiments in which GbpD is overexpressecl in Rapl dominant
negative mutants could reveal whether GbpD indeed activates Rapl. However, it
is also possible that the level of GbpD is so higlr that the endo-eenous Rap I is stil l
hyperactivated. Another way of determining whether GbpD activates Rapl is an
in r,,itro nucleotide exchange assay with purified proteins. This type of experiment
has been performed by A. Kortholt, and preliminary results indicate that GbpD
indeed induces nucleotide exchange of Rap I .
The function of GbpD is to inhibit polarity by inducing lateral pseudopodia: Upon
loss of GbpD, cells became hyperpolar when placed in a cAMP gradient.
Moreover, overexpression of GbpD induced the production of lateral pseudopodia
to the extent that chemotaxis was almost completely inhibited. Since this effect
was not dependent on the presence of cyclic nucleotides, GbpD rnight be
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constitntively activated. In this way GbpD could restrict the extent of polarity that
is allowed or provide the 'boundaries of polarity".
The effect of GbpD overexpression is not only seen in chemotaxing cells but also
in randornly movin-{ cells. Thus, GbpD inf-luences the basal motile behaviour of
cells by determining how many pseudopodia re procluced. In contrast to this, the
regulation of polerrity by GbpC and cGMP is strictly stimulus dependent and does
not influence the basic motile behaviour of the cell. To unravel the pathways that
are influenced by GbpD, the strong phenotype of GbpD overexpression will be
very usefull. Expressing GbpD in various cytoskeletal and adhesion mutants will
help to identify the signal transduction pathways that are influenced by this
RasGEF protein. On the other hand, to unravel the functioning of GbpC, it will be
usefull to introduce dominant negative or activatin-q mutations in the separate
domains. This will provide infbrmation about which domain is needed fbr GbpC
functioning. Moreover, by cornbining mutations it rnight be possible to determine
whether GbpC acts as an intramolecular signal transduction pathway.
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